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Abstract

The spiny lizard genus Sceloporus was described by Wiegmann in 1828, with S. forquatus posteriorly designated as the type spe-
cies. The taxonomic history of S. forquatus is complicated, as it has been confused with other taxa by numerous authors. Many
modern systematics works have been published on Sceloporus, but none have included all five recognized S. forquatus subspecies:
S. t. torquatus, S. t. melanogaster, S. t. binocularis, S. t. mikeprestoni, and S. t. madrensis. Additionally, there is previous evidence
for at least one unnamed taxon. The present study is the first taxonomic revision of the enigmatic S. torquatus based on molecular
phylogenies using combined molecular data from 12S, ND4 and RAGI genes, and Maximum Likelihood and Bayesian inference
phylogenetic methods. This work includes the most extensive sampling across the entire distribution, as well as divergence time
estimates and environmental niche modelling, which combined offer a spatio-temporal framework for understanding the evolution
of the species. Additionally, a series of morphological characters are analyzed to identify significant differences between lineages
consistently recovered in the molecular phylogenies. Using this integrative approach, evidence is presented for eight lineages within
the S. torquatus complex, five of which correspond to previously recognized subspecies and three represent unnamed taxa masked
by morphological conservatism. Finally, to maintain taxonomic stability a lectotype and paralectoype are designated for S. torquatus,
and certain taxonomic changes are suggested in order to reflect the phylogenetic relationships within the S. forquatus complex.
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Introduction

If we were to choose a representative genus of North
American reptiles, Sceloporus Wiegmann, 1828 would
certainly be a good candidate, as it is one of the most di-
verse and conspicuous. Sceloporus is a genus of Phryno-
somatid lizards distributed from southern Canada to
western Panama with over 100 species (Sites et al. 1992;
Kohler and Heimes 2002; Bell et al. 2003; Wiens et al.
2010; Uetz et al. 2020), although the greatest diversity
is found in Mexico (Flores-Villela and Garcia-Vazquez
2014), where new species are still being described
(Castaiieda-Gaytan and Diaz-Cardenas in Diaz-Cardenas
etal. 2017).

Sceloporus has proven to be an ideal group to study
systematics (Sites et al. 1992), and consequently the mo-
lecular systematics of the genus has been very dynamic
and fundamental for the understanding of phylogenetic
relationships as well as in the practice of species delimita-
tion (Leaché and Reeder 2002; Wiens and Penkrot 2002;
Leaché and Mulcahy 2007; Leaché 2010; Wiens et al.
2010; Bryson et al. 2012; Leach¢ et al. 2013; Grummer
et al. 2015; Diaz-Cardenas et al. 2017, 2019; Lambert et
al. 2019).

Despite the amount of published data on the group,
controversy persists about the recognition of species
and the phylogenetic relationships at species group level
in the genus Sceloporus. In addition, sampling of some
species and subspecies is still incomplete (Leaché 2010;
Wiens et al. 2010), as is the case for Sceloporus torquatus
Wiegmann, 1828 (Martinez-Méndez and Méndez-De la
Cruz 2007; Martinez-Méndez et al. 2019).

Sceloporus torquatus is the type species of the genus
(Smith 1938) and is currently recognized as a polytypic
species comprising five subspecies that display minimal
morphological differentiation, essentially distinguishable
by color pattern, number of ventral scales, body size and
arm length (Olson 1990): S. t. torquatus, S. t. melano-
gaster Cope, 1885, S. t. binocularis Dunn, 1936, S. .
mikeprestoni Smith and Alvarez, 1974, and S. t. madren-
sis Olson, 1986. As a whole, S. torquatus is widespread
in central and northern Mexico (Fig. 1), where they are
found from arid and semi-arid zones of the Altiplano
Mexicano into temperate highlands of the peripheral
Faja Volcanica Transmexicana, Sierra Madre Occiden-
tal, and Sierra Madre Oriental. Zones of sympatry have
been suggested in central Mexico, in which interbreeding
presumably occurs between S. t. forquatus and both S.
t. melanogaster and S. t. madrensis (Smith 1938; Webb
1967; Olson 1990, 1991). Among the five recognized
subspecies, only S. t. madrensis has a disjunct distribu-
tion, whos’s northern and southern populations are divid-
ed by ~175 km and isolated on a mountainous range of
eastern Mexico (Olson 1991).

Previous works included sampling of three of the five
recognized subspecies as well as molecular evidence
for an unnamed taxon from western Mexico related to
S. torquatus (Martinez-Méndez and Méndez-De la Cruz
2007; Martinez-Méndez et al. 2019). However, phylo-

genetic relationships and taxonomic statuses of all five
subspecies have not been reassessed with an integrative
approach.

Herein we perform the first taxonomic revision of the
five subspecies of S. torquatus based on molecular phy-
logenies inferred by Bayesian and Maximum Likelihood
methods, using mitochondrial and nuclear DNA data. To
set up a spatio-temporal framework for interpreting the
evolution of this endemic Mexican lizard group, we also
calculate genetic distances, estimate divergence times,
and perform ecological niche modelling (ENM) for the
lineages consistently recovered in the inferred phylog-
enies. Additionally, we analyze a series of morphomet-
ric and scutellation characteristics, using both Principal
Component Analysis (PCA) and non-Metric Multidimen-
sional Scaling (nMDS), in order to identify significant
differences between lineages.

With this revision we aim to solve one of the oldest
taxonomic problems in Mexican herpetology, while pro-
viding useful data that may be applied for species conser-
vation efforts.

Taxonomic background

Since its original description, the taxonomy of S. for-
quatus has been problematic (Smith 1938), largely due
to it being confused with other similar species such as
Sceloporus cyanogenys Cope, 1885 (Baird 1859; Yarrow
1882), Sceloporus mucronatus Cope, 1885 (Olson 1990),
Sceloporus poinsettii Baird and Girard, 1852 (Yarrow
1882), Sceloporus serrifer Cope, 1866 (Martin 1952),
and Sceloporus spinosus Wiegmann, 1828 (Cope 1885).
Some of these taxa have since been relegated to synon-
ymy or reassigned to subspecific categories. Therefore,
to address the taxonomic problems associated with S.
torquatus, it is necessary to briefly review its taxonomic
history:

Originally, the genus Sceloporus was erected by Wieg-
mann (1828) to include the first six Mexican species of
spiny lizards, of which S. forquatus is the type species
(Smith 1938). However, Wiegmann never designated
type specimens for the taxa he described, and it was Tay-
lor (1969) who listed a series of four specimens (Zoolo-
gisches Museum Berlin, ZMB 628-631) from “Mexico”
as S. torquatus syntypes (Fig. 2).

A year after Wiegmann (1828) described the first spe-
cies of Sceloporus, Peale and Green described Agama
torquata Peale and Green, 1829 (holotype: Academy of
Natural Sciences of Philadelphia, ANSP 8499) based on a
single specimen from “Temascaltepec, about eighty miles
SW of the city of Mexico.”

Later, Wiegmann (1834) expanded the description of
S. torquatus and distinguished the varieties “a” and “B”,
essentially by coloration patterns and shape of the nuchal
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Figure 1. Geographic distribution of Sceloporus torquatus ssp. based on measured and examined specimens. Numbers are specified

in supplementary file 2: Tissue sampling and GenBank accession numbers.
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Figure 2. Syntypes of Sceloporus torquatus, Zoologisches Museum Berlin, now Museum fiir Naturkunde Berlin, (ZMB) 628630,
collected by Ferdinand Deppe and Alexander von Sack in Mexico (circa 1825). ZMB 628, & adult; ZMB 629, & adult; ZMB 630,
Q adult; ZMB 631, & adult. For all cases scale bar 20mm. Photographs courtesy of F. Tillack.

collar. He also synonymized 4. torquata with S. torquatus
“Var. o”, and suggested that the “B” variety could be a
hybrid between S. torquatus and S. spinosus.

Cope (1885) reaffirmed synonymy of A. torquata
with S. torquatus and described Sceloporus ferrariperezi
Cope, 1885 (Cotypes: United States National Museum,
USNM 9874, 9876, 9878, 9880, and 9895 now Museum
of Comparative Zoology, MCZ 46922), as well as Sce-
loporus melanogaster Cope, 1885 (holotype: USNM
9877) from specimens sent by Duges (1887). That same
year, Boulenger (1885) considered S. ferrariperezi and S.
melanogaster to be varieties of S. torquatus.

Almost 50 years later, Smith (1936) recognized S. tor-
quatus and S. ferrariperezi as valid, although in a sub-
sequent review Smith (1938) synonymized S. ferraripe-
rezi with S. torquatus and reassigned S. melanogaster as
a subspecies of S. forquatus, but clarified that, according
to the taxonomic rules at the time, S. ferrariperezi had to
replace S. torquatus because the latter was a homonym
of Stellio torquatus (= Tropidurus torquatus) Wied-Neu-
wied, 1820. That same year, Sceloporus binocularis
Dunn, 1936 was described (holotype: ANSP 20032; para-
types: ANSP 20019, 20020) with specimens from “Trail
from Pablillo to Alamar, Nuevo Leon.” Two years later,
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Table 1. Number of examined and measured specimens. Measured specimens are those specimens measured for morphometrics

and/or scutellation. Examined specimens are those specimens examined directly in collections or by photos to confirm identify and

contribute to delimiting the geographic distribution patterns of the S. forquatus complex, but were not measured for morphometrics

and/or scutellation. Other specimens include those specimens redetermined as different species.

Taxa Examined Measured
Morphometrics Scutellation

S. t. torquatus 206 249 279
S. t. melanogaster 273 226 235
S. t. binocularis 3 5 13
S. t. mikeprestoni 1 12 21
S. t. madrensis north 1 21 27
S. t. madrensis south 23 28 31
Sceloporus sp. 10 15
Sceloporus sp. Zacatecas 25 17
Type material 21 6
Other specimens 32 0

Smith (1939) applied the nomenclatural change from S.
torquatus to S. ferrariperezi, and recognized the species
as polytypic containing S. /- ferrariperezi, S. f. melano-
gaster, and S. f. binocularis. This nomenclatural change
was subsequently reversed by Smith and Taylor (1950),
reestablishing the validity of S. forquatus.

Several years later, another subspecies, Sceloporus tor-
quatus mikeprestoni Smith and Alvarez, 1974 (holotype:
MCZ R115679; paratypes: Escuela Nacional de Ciencias
Biologicas, ENCB 5756-5763) was described from spec-
imens collected in “Marcela, Tamaulipas”.

Finally, the subspecies Sceloporus torquatus madren-
sis Olson 1986 (holotype: Texas Cooperative Wildlife
Collection, TCWC 62433; paratypes: University of
Michigan Museum of Zoology, UMMZ 101395, 101400,
101401, 110743, Rupert Earl Olson, REO 1184-1186,
1193, 5569) was described based on specimens from
“about Rancho del Cielo, 7 km. NW Gomez Farias, Ta-
maulipas.”

Methods

Museum specimens

In total we measured 684 specimens (Table 1) depos-
ited at the Coleccion Nacional de Anfibios y Reptiles
(CNAR), ENCB and Museo de Zoologia Alfonso L.
Herrera (MZFC). Additionally, to verify some historical
records and for comparison and objective reference, we
requested photographs of museum specimens including
type material deposited in another 19 collections (See
supplementary file 1: Museum specimens).

We georeferenced all localities using GoogleEarth Pro
v.7.3.3.7699 and digitized topographic maps available in
the digital library of the Instituto Nacional de Estadisti-
ca y Geografia (INEGI, https://www.inegi.org.mx/app/
mapas). In the field we used a Garmin etrex30 GPS with
WGS84 datum to record collection localities.

Genetic sampling

For genetic analyses, we obtained 56 tissue samples from
the MZFC collection and field work, that include indivi-
duals collected in close proximity to the type localities
of all five recognized subspecies of S. torquatus, as well
as the undescribed Sceloporus sp. from western Mexico
sensu Martinez-Méndez and Méndez-De la Cruz (2007).
Samples of Sceloporus bulleri Boulenger, 1895, S. mucro-
natus Cope, 1885, and Sceloporus grammicus Wiegmann,
1828 were also included (Fig. 1; Supplementary file 2:
Tissue sampling and GenBank accession numbers). We
chose the mitochondrial 12S and ND4 loci, and the nucle-
ar RAGI locus for genetic analyses, as these regions have
successfully been utilized to delimit species Scelopo-
rus species in similar studies (Wiens and Penkrot 2002;
Martinez-Méndez et al. 2012; Diaz-Cardenas et al. 2017).

Laboratory protocols

To perform DNA extractions, we used the Qiagen™
DNeasy Blood & Tissue Kit™ following the manufac-
turer’s protocol.

We amplified fragments of the 12S and ND4 mtDNA
regions, and RAG1 of nDNA by means of polymerase
chain reaction (PCR) under the following standardized
conditions: 1pL DNA extraction, 9.45uL dH,O, 3uL 5X
MyTaq™ Reaction Buffer, 0.5uL Primer F [10uM], 0.5uL
Primer R (10uM) and 0.15uL MyTaq™ Bioline™ (5U).
PCRs were carried out in a Multigene Optimax LabNet™
thermocycler with the following annealing temperatures
for each molecular marker: 45°C, 12S; 54°C, ND4; and
50°C, RAGI. The oligonucleotides sequences used (Ta-
ble 2) were taken from Kocher et al. (1989), Forstner et
al. (1995) and Wiens et al. (2010).

We used the sequencing service of the Laboratorio Na-
cional de Biodiversidad (LANABIO) at the Instituto de
Biologia (IBUNAM), which uses the BigDye Terminator
v.3.1 Applied Biosystems kit and a final purification with
Sephadex G-50 before analyzing cycle sequencing prod-
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Table 2. Oligonucleotides used for gene amplification.

Gene Name: Sequence (5’-3") Source
L1091rRNA12S: CAAACTGGATTAGATACCCCACTAT

128 Kocher et al. 1989
H1478rRNA12S: AGGGTGACGGGCGGTGTGT
ND4: TGACTACCAAAAGCTCATGTAGAAGC

ND4 Forstner et al. 1995
TLeu2b: TRCTTTTACTTGGATTTGCACCA
JRAGI112: CAAAGTRAGATCACTTGAGAAGC .

RAGI Wiens et al. 2010
JRAGI113: ACTTGYAGCTTGAGTTCTCTCTTAGRCG

uct on an Applied Biosystems 3730 xL. DNA Analyzer
Sequencer.

Sequence alignment

Once sequences were obtained, we used MUSCLE (Ed-
gar 2004) implemented in MEGA-X v.10.0.5 (Kumar et
al. 2018) to pair contigs and align sequences. Subsequent-
ly, we reviewed alignments by eye, and eliminated small
regions of the sequences that contained polymorphic sites
that were difficult to align.

Phylogenetic analysis

We constructed two molecular data matrices —the first
one exclusively with the mtDNA data (12S + ND4) and
the second with the combined data from mtDNA + nDNA
(12S + ND4 + RAG1). We also included sequence data
generated in previous works (Martinez-Méndez and Mén-
dez-De la Cruz 2007; Leaché and Mulcahy 2007). For
accession numbers of sequences used see supplementary
file 2: Tissues sampling. To identify the optimal partitions
in both datasets, as well as the best nucleotide substitu-
tion model for each partition, we used PartitionFinder2
(Lanfear et al. 2016) through the CIPRES Science Gate-
way v.3.3 interface (Miller et al. 2010), with potential
partitions divided by codon position for coding regions.

To infer the phylogenetic relationships of S. torqua-
tus ssp. we performed both Bayesian inference and ML
analyses with both mitochondrial and combined data-
sets, using MrBayes v.3.2.7a (Ronquist et al. 2012) and
RaxML-HPC2 (Stamatakis 2014) through the CIPRES
Science Gateway v.3.3 interface (Miller et al. 2010). In
each Bayesian analysis we specified the following param-
eters: memcp ngen=60000000, burninfrac=0.25, print-
freq=6000, and samplefreq=6000; while in each Maxi-
mum Likelihood analysis we specified the GTRGAMMA
model of nucleotide substitution and 1000 bootstrap iter-
ations. We included Sceloporus grammicus as the sister
group to the entire forquatus species group, S. mucrona-
tus as a member of the forquatus species group, as well
as Sceloporus bulleri as the sister species of S. torquatus
(Martinez-Méndez and Méndez-De la Cruz 2007).

We used Tracer v.1.7.1. (Rambaut et al. 2018) to check
the Markov chains (MCMC) convergence implemented
in MrBayes, and FigTree v1.4.4 (Rambaut 2018) to visu-
alize the resulting phylogenetic trees.

Genetic distances

Genetic distances were calculated using the concatenat-
ed matrix of mtDNA data (12S + ND4). Using MEGA
X v.10.0.5 (Kumar et al. 2018), we constructed a Neigh-
bor-Joining tree with 1000 bootstrap iterations and the
Kimura2-parameter model (Kimura 1980) to subsequent-
ly calculate the genetic distances between groups defined
by lineages recovered in the phylogenetic analyses under
the same parameters. We designed S. bulleri as the exter-
nal group because it is the sister species of S. torquatus.

Divergence times

We estimated divergence times between lineages using
BEAST v2.5.1 (Bouckaert et al. 2019) under a Yule tree
model. We inferred models of substitution and rate het-
erogeneity using bModelTest (Bouckaert and Drummond
2017) for four partitions: 12S, the ND4 coding region,
the noncoding tNRA region of ND4, and RAG1. We esti-
mated two separate uncorrelated relaxed clock models for
the combined mitochondrial loci and the nuclear RAG1
loci, respectively. A secondary calibration was used to
calibrate the node corresponding to the most recent com-
mon ancestor between the torquatus species group and
S. grammicus. A uniform prior between 12.9 and 18 mya
was used for this node, as this range encompasses the esti-
mated divergence date for these taxa in two previous stud-
ies on the group (Wiens et al. 2013; Leaché et al. 2016),
and has been used in recent divergence estimations for
the forquatus species group (Lambert et al. 2019). Three
independent runs of 40000000 MCMC generations were
run, sampling every 4000 generations. We assessed con-
vergence in Tracer v.1.7.1 (Rambaut et al. 2018), where
we compared replicate runs for similar parameter values
and then combined them using LogCombiner after dis-
carding the first 10% of trees of each run as burn-in. We
used TreeAnnotator to create a maximum clade credibil-
ity tree using the median ancestor height and visualized
the resulting tree in FigTree v1.4.4 (Rambaut 2018).

Ecological Niche Modelling (ENM)

We performed a series of statistical analyses to evaluate
the multivariate niche overlap between lineages in the
environmental spaces. We used the “PCA-env” approach
(Broennimann et al. 2012) implemented in the ecospat R
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packages (Di Cola et al. 2017). This approach calculates
niche overlap using the Schoener’s D metric from the first
two principal component analysis (PCA) including cli-
mate information from the respective lineage occurrence
distributions and their background from the calibration
area (see below). A smoothed occurrence density was
estimated for each lineage using a kernel density func-
tion, and this was used to calculate niche overlap. We
implemented randomization tests to assess niche similar-
ity for each lineage pair (Di Cola et al. 2017). Here we
test whether lineage pairs are more similar than expected
based on their background environments (i.e., species are
occupying niches that are more similar given the environ-
mental availability in the region). As we are interested in
testing a scenario of ecological niche conservatism, test-
ing whether lineages in the S. forquatus complex were
more similar than expected by the background conditions
is the most appropriate null hypothesis here. We used 100
random replications for these tests. We used an ensemble
approach given the high uncertainty in model algorithm
selection on transferability under past climate change
scenarios. We selected a set of bioclimatic variables for
model fit based on collinearity, which was calculated us-
ing the Variance Inflation Factor (VIF; Marquaridt 1970).
The VIF was calculated for the 19 bioclimatic variables
from WorldClim using the vifcor R function from the
usdm package (Naimi et al. 2014). Afterward, we selected
the following variables for model fit: bio4, bio9, biol5,
biol8 and biol9. We evaluated our models by creating
pseudo-absences and with data-splitting methods. First,
we randomly partitioned the presence data into two sets
for calibration (70%) and validation (30%). For each
dataset (calibration and validation), we generated a set of
pseudo-absences using the ecospat.rand.pseudoabsences
function from ecospat R package (Di Cola et al. 2017).
The number of pseudo-absences for calibration was 10
times the number of training presences and for valida-
tion was 100 times the number of testing presences (i.e.,
800 pseudo-absences). Pseudo-absences were created
randomly across the entire calibration area or accessible
area (M area; Soberén and Peterson 2005) with a min-
imum distance of at least Skm with respect to presence
records. This area represents the hypothetical historical
suitable area (HSA) where lineages recovered in our
phylogenetic analysis evolved through time. We adopt-
ed this validation approach to maximize the number of
pseudo-absences in both cross-validation splits and exter-
nal validation. We used eight model algorithms available
in the sdm R package (Naimi and Araujo 2016), includ-
ing MaxEnt (Maximum Entropy), MARS (Multivariate
Adaptive Regression Splines), GBM (Gradient Boosting
Machine), RF (Random Forest), CART (Classification
and Regression Trees), SVM (Support Vector Machines),
GLM (Generalized Linear Model) and GAM (General-
ized Additive Model). Models were trained using 5-folds
of cross-validation and 10 bootstrapping replications for
a total of 50 replications per algorithm. For each individ-
ual model, we evaluated geographical predictive accura-
cy using the true skill statistic (TSS) and omission rate
(Allouche et al. 2006; Fielding and Bell 1997). Finally,

we generated a consensus ensemble model weighting for
those models maximizing TSS values. This model identi-
fies areas where those models with the highest predictive
capacity tend to agree with the environmental conditions
for successful population establishment (i.e., habitat suit-
ability distribution).

Then, ensembles were transferred to past climate
change scenarios from the paleoclimatic database Paleo-
Clim (Brown et al. 2018) to generate past suitable con-
ditions. This database contains bioclimatic information
for 11 time horizons since the last Meghalayan until the
mid-Miocene. The time periods are as follows (in pa-
rentheses the estimated time period): Meghalayan (4.2—
0.3 kya), Northgrippian (8.3-4.2 kya), Greenlandian
(11.7-8.3 kya), Younger Dryas Stadial (12.9-11.7 kya),
Bolling-Allered (14.7-12.9 kya), Heinrich Stadial (17.0—
14.7 kya), Last Glacial Maximum (LGM; ~21 kya), In-
ter-Glacial (LIG; ~121 kya), the Marine Isotope Stage
19 in the Pleistocene (MIS19; ~787 kya), mid-Pliocene
Warm (~3.2 mya) and the Marine Isotope Stable in the
Late Pliocene (M2;~3.3 mya). These periods include
several abrupt global climate change events (Thornalley
et al. 2010; 2011; 2013; Brown et al. 2018). We stacked
individual models and then estimated the median of suit-
ability values across the region to identify areas where
the optimal niche conditions coincided for the majority of
lineages as the historical stable areas (HSA).

Morphological analysis

We tested whether those lineages recovered by molecular
phylogenetic analyses exhibit morphological differences
through PCA and nMDS methods using morphometric
and scutellation characters.

We followed Olson (1990) and Smith (1939) for mor-
phometric and scutellation terminology. All measure-
ments and counts were made by the same person (GCG)
using a Mitutoyo 500-196-30 digital caliper (with an ac-
curacy of £ 0.1mm), a 3x magnifier, and a Zeiss 5% ste-
reomicroscope.

We measured 576 individuals exceeding 70mm SVL
snout-vent length as S. forquatus reaches sexual maturity
at this body size (Guillette and Méndez-De la Cruz 1993;
Feria Ortiz et al. 2001). We built a data matrix with 10
morphometric traits (See supplementary file 3: Morpho-
metric measurements). Additionally, a data matrix with
18 scutellation characters (See supplementary file 4:
Scutellation counts) was built from 638 adult and juvenile
specimens, as these traits are not body size dependent.

We removed the effect of body size on morphometric
variables following Velasco and Herrel (2007) where each
variable was loglO-transformed and regressed against
snout-vent length (loglO-transformed). The residuals
of all variables and the snout-vent length (loglO-trans-
formed) were used in a PCA. Then, we performed a
Multivariate Analysis of Variance (MANOVA) with the
scores obtained from the principal components (PC) to
test for significant differences (p <0.05) between means
of the variances of the lineages compared.
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Table 3. Partitions and substitution models used.
Models
Data Partitions -
Bayesian ML
Subset] = 1-351 354-983\3 984-1070
12S + ND4 Subset2 = 352-983\3
Subset3 = 353-983\3 GTRILT
12S +ND4 + | Subsetl = 1-351 352-983\3 354-983\3 984-1070 1071-1979\3 1072-1979\3 1073-1979\3 GTRGAMMA
RAGI Subset2 = 353-983\3 GTR+T

s 35680 SLP
S { mikeprestoni MZFC-21208 TAMPS
| 5 ¢ miceston uzec 1007 .
.t mikeproston] MZFC.34003 TAVPS
052 .t binocularis MZFC-11218 NL
.t binccularis MZFC-35887 NL
S . binocularis MZFC-35688 NL

S t melanogaster GCG817 JAL
St melanogaster MZFC-34041 JAL
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Figure 3. Mitochondrial genes tree with support values, obtained by MrBayes (left) and RAXML (right). Posterior Probability val-
ues (PP) and Bootstrap values (BS) are displayed at nodes, with values >0.95 designated with grey dots.

Alternatively, with the scutellation data matrix we im-
plemented a non-Metric Multidimensional Scaling (nMDS)
analysis with the Manhattan coefficient to calculate total
differences of the measured variables between individuals
of each recovered lineage.

We carried out these statistical analyzes with the tools
provided in PAST v.4.01 (Hammer et al. 2001).

Results

Sceloporus torquatus syntypes

We discovered that more than one species is represented
in the type series of S. torquatus (Fig. 2). Specifically, the
specimen ZMB 628 has divided supraocular scales, 32
dorsal scales, 43 ventral scales, and blue coloration on
the belly, throat, and both sides of the head; furthermore,
dorsal scales are bordered with black, and light borders of
the dark nuchal collar are complete. These characters led
us to re-determine this specimen as Sceloporus aureolus
Smith, 1942.

Additionally, we re-determined the specimen ZMB
630, a syntype of S. forquatus, as S. t. melanogaster by
having undivided supraocular scales, 30 dorsal scales, 41
ventral scales, diffuse dark nuchal collar interrupted by

dorsolateral light bands or marks, as well as a series of
dark irregular spots that fade over the base of the tail.

Finally, we found that specimen ENCB 5756, a para-
type of S. t. mikeprestoni, actually pertains to Sceloporus
minor Cope, 1885. This specimen has divided supraocu-
lar scales, 36 dorsal scales, 40 scales around the body, and
44 ventral scales.

Molecular data

We obtained 170 sequences from the 12S (321-351 bp),
ND4 + adjacent tRNA (553—719 bp), and RAG1 (909 bp)
regions. The mitochondrial data matrix contains 60 sam-
ples, 1070 bp, 770 conserved sites, 300 variable sites,
and 196 parsimony informative sites, while the combined
data matrix contains 50 individuals, 1979 bp, with 1639
conserved sites, 350 variable sites, and 205 parsimony in-
formative sites.

The optimal partitioning schemes of the mitochondrial
and combined data sets, as well as the best substitution
model for each partition, are shown in Table 3.

Phylogenetic analyses

Mitochondrial gene trees resulting from the Bayesian
and ML analyses maintain a similar topology (Fig. 3).
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Table 4. Genetic distances between taxa, calculated using the Kimura 2-parameters model for the combined mitochondrial data.

Taxa

S. bulleri
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0.084

0.041
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0.042

0.059

0.041
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Sceloporus sp.
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Figure 4. Combined mitochondrial and nuclear genes trees with support values, obtained by MrBayes (left) and RAXML (right).
Posterior Probability values (PP) and Bootstrap values (BS) are displayed at nodes, with values >0.95 designated with grey dots.

We can identify eight different lineages comprising the S.
torquatus complex: S. t. torquatus (Posterior Probability,
PP=1; Bootstrap, BS=89), S. t. melanogaster (PP=0.99;
BS=60), S. t. binocularis (PP=1; BS=100), S. t. mikepres-
toni (PP=1; BS=100), S. t. madrensis north (PP=1;
BS=100), S. t. madrensis south (PP=1, BS=97), Scelopo-
rus sp. (PP=1, BS=100) and Sceloporus sp. Zacatecas
(PP=1, BS=97). The S. torquatus complex was found to
be monophyletic with respect to the included outgroup
taxa, although with low support (PP=0.77; BS=46).

In both mitochondrial trees, S. . torquatus, S. t. bino-
cularis, S. t. mikeprestoni, S. t. madrensis north, and S. .
madrensis south forms a clade sister to the clade includ-
ing Sceloporus sp. and Sceloporus sp. Zacatecas.

Combined mitochondrial and nuclear data phylogenies
(Fig. 4) recovered the same eight lineages: S. ¢. torquatus
(PP=1; BS=97), S. t. melanogaster (PP=0.97; BS=32), S.
t. binocularis (PP=1; BS=100), S. t. mikeprestoni (PP=1;
BS=100), S. ¢. madrensis north (PP=1; BS=100), S. .
madrensis south (PP=1, BS=100), Sceloporus sp. (PP=1,

BS=100) and Sceloporus sp. Zacatecas (PP=1, BS=97).
In the ML phylogeny, Sceloporus sp. and Sceloporus sp.
Zacatecas form the sister clade to S. «. melanogaster.

We consistently recovered S. bulleri and S. mucrona-
tus as the sister species of the S. forquatus complex, while
S. grammicus is sister to all of them.

Genetic distances

The genetic distance between S. bulleri and any member
of the S. forquatus complex ranges from 0.069-0.085.
The genetic distance between S. t. torquatus and S. t.
melanogaster is 0.054, between S. t. binocularis and S.
t. mikeprestoni is 0.025, between S. t. madrensis north
and S. t. madrensis south is 0.045, and that between
Sceloporus sp. and Sceloporus sp. Zacatecas is 0.032
(Table 4).
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Table 5. Schroener’s similarity index (Schoener’s D).
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S. t. melanogaster 0.18
S. t. binocularis 0.10 0.44
S. t. mikeprestoni 0.05 0.02 0.10
S. t. madrensis north 0.01 0.04 0.01 0.00
S. t. madrensis south 0.29 0.35 0.12 0.21 0.01
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Figure 5. Time-calibrated phylogeny estimated in BEAST2. Posterior Probability values (PP) are displayed at nodes, with values
>0.95 designated with grey dots. Node age (height), given in millions of years ago (mya), are also displayed at nodes.

from the Sierra Madre Oriental, S. ¢. madrensis north, S.

Divergence times
t. madrensis sur, S. t. binocularis, and S. t. mikeprestoni,

The BEAST time-tree recovered a similar topology
and support values to the RAXML and MrBayes trees
(Fig. 5). The crown age for the S. torquatus complex is
~5.51 mya (3.61-7.77, 95% HPD). The split between
S. t. melanogaster and the two lineages from the Sier-
ra Madre Occidental, Sceloporus sp. and Sceloporus sp.
Zacatecas, dates to ~4.33 mya (2.63-6.32, 95% HPD).
The divergence between S. ¢. torquatus and the clade in-
cluding the four lineages from the Sierra Madre Oriental
is ~4.12 mya (2.64-6.03, 95% HPD). The four lineages

are recovered as monophyletic with good support and a
crown age of ~3.31 mya (2.06-4.76, 95% HPD); relative
splitting of the two S. «. madrensis lineages is uncertain,
given the low internal posterior probability value within
this subclade. The timing of these divergences from the
binocularis subclade (S. t. binocularis + S. t. mikepres-
toni) is recovered between 1.89-4.4 mya, and the most
recent common ancestor between S. ¢ binocularis and S.
t. mikeprestoni lineages is recovered at ~1.81 mya (0.97—
2.81, 95% HPD).
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S. t. torquatus
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Figure 6. Potential distribution of the S. forquatus complex.

ENM

In general, there are no similarities in ecological niches
of each lineage within the S. torquatus complex (Table 5).
Comparison between S. t. melanogaster and S. t. bino-
cularis shows the highest niche similarity (Schoener’s
D=0.44), although their respective p-values in the ran-
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domization test are discrepant (p=0.01, p=0.09; Table 6),

and therefore this similarity must be taken with reserva-

tions.

Potential distribution models (Fig. 6) illuminate some

interesting patterns. For example, S. ¢ forquatus has a

greater affinity with existing climatic conditions of cen-
tral and southern Mexico. Given the suitability values
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Figure 7. Historical Suitable Areas (HSA) modeled through 11 past climatic scenarios. Green areas indicate higher suitability

values.

observed in each model, there seems to be reciproci-
ty between the potential areas of S. ¢. binocularis, S. t.
mikeprestoni, and S. t. madrensis north, which together
inhabit northeastern Mexico, with respect to the potential
area of S. ¢. madrensis south which is distributed in cen-
tral eastern Mexico.

According to models projected into the past, the HSA
have been very dynamic as they have expanded and con-
tracted consecutively since the late Pliocene, but have re-
mained associated with the main mountainous regions of
central and northern Mexico. Between the mid-Pliocene
Warm period (~3.2 mya) and MIS19 (~787 kya) another
HSA appears in Northeast Mexico. Through the different
temporal scenarios, except for the mid-Pliocene Warm,
an extensive HSA has been maintained in central Mexico

(Fig. 7).

Morphology

A summary of the descriptive statistics for each taxa is
shown in supplementary file 5: Geographic distribution,
morphometrics and scutellation of the S. forquatus com-
plex.

We performed a PCA and nMDS analyses to contrast
the morphology of the S. forquatus complex members.
There is not clear segregation of the analyzed datasets
(Figs 8-9).

In the PCA (Fig. 8), the two first PCs explain 70.8% of
the total variance, and the MANOVA performed with the
scores of all ten PCs yielded Wilks A=0.4175, F=7.541,
p <0.05. The scores, eigenvalues, and percentage of the
explained variance are shown in the Supplementary file
6: PCA statistics.

The nMDS analysis (Fig. 9) yielded the following val-
ues: Stress value = 1.572; Coefficients of determination
(R?): Axis 1 =0.101, Axis 2 = 0.07448.

Discussion

Taxonomy

According to the International Code of Zoological No-
menclature (ICZN; The International Trust for Zoologi-
cal Nomenclature 1999) the fixation of a type specimen
serves as an objective reference for the application of the
taxonomic name it carries (Art. 61.1), and such objec-
tivity is hierarchically continuous from the species level
to the family level (Art. 61.1.2). Now, if in the original
description of a nominal taxon a specimen or specimens
bearing the name was not designated, it is possible that
such a designation was made later by the figure of the
first reviewer (Arts. 24.2.1). In this context, Taylor (1969)
served as the first reviewer designating four syntypes for
S. torquatus. The results we present here, show that the
specimens ZMB 628 and ZMB 630 belong to distinct
taxonomic species other than S. torquatus, thus causing
instability in the application of the species name, and
therefore warranting a lectotype to be designated from
the syntypes (ICZN Arts. 70.3, 74.1). For this purpose,
we designate as the lectotype for the name Sceloporus
torquatus Wiegmann, 1828 the specimen ZMB 629, and
as the paralectotype the specimen ZMB 631. We base the
designation of the lectotype on its similarity to the spec-
imen illustrated in Wiegmann (1834; tab. VII, fig. 1), ac-
cording to ICZN Art.72.4.1.1.

In the other case, misidentification of the S. #. mikepres-
toni paratype ENCB 5756 in the original description
(Smith and Alvarez 1974) does not exclude it from the
type series of this nominal taxon (ICZN Art.72.4.2).
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Integrative systematics of the S. tor-
quatus complex

This study includes genetic data from S. t. mikeprestoni
and S. t. madrensis for the first time ever, as well as the
most extensive sampling throughout the distribution of
the S. torquatus complex, to accomplish the most com-
plete molecular phylogeny of this emblematic group of
phrynosomatid lizards to date. The S. torquatus complex
is a monophyletic group composed of eight independent
lineages, five of which represent recognized subspecies,
while the remaining three represent unnamed taxa that are
awaiting descriptions (Flores-Villela et al. in prep.).

There is evidence to recognize the southern popula-
tions of S. t. madrensis as an independent lineage, previ-
ously confused with S. ¢ melanogaster and S. t. madrensis
(Smith 1939; Olson 1991). Therefore, there is no zone of
sympatry between the southern populations of S. ¢. mad-
rensis and S. t. torquatus, as Olson (1991) argued.

In addition, we confirm the existence of anoth-
er cryptic species from western Mexico suggested by
Martinez-Méndez and Méndez-De la Cruz (2007) and
Martinez-Méndez et al. (2019). In our research, the lin-
eages Sceloporus sp. and Sceloporus sp. Zacatecas are
more closely related to S. ¢. melanogaster given the small-
er genetic distances between them and their geographical
proximity (Figs 1, 5; Table 4).

Additional tissue samples from the northernmost pop-
ulations of S. «. melanogaster could help elucidate phy-
logenetic relationships within the S. forquatus complex
as a sister taxon of Sceloporus spp. from Nayarit, Jalisco
and Zacatecas, and could also solve phylogenetic rela-
tionships within the lineage S. t. melanogaster. Future
samplings along the contact zone of S. t. torquatus and S.
t. melanogaster in central Mexico would be useful to de-
termine the extent of gene flow, and to investigate mecha-
nisms of reproductive isolation, especially since behavior
and coloration are known to be related to conspecific rec-
ognition and reproductive success in Sceloporus (Hunsa-
ker 1962; Jiménez-Arcos et al. 2017).

At the end of the Neogene, tectonic and volcanic ac-
tivity gave rise to the main mountain systems of Mexico,
promoting vicariant events in numerous taxa (Morafka
1977; Bryson et al. 2012). Our estimation of divergence
times shows that the current phylogeographic structure
of the S. forquatus complex coincides with this period.
Pleistocene climate changes may have led to the diver-
sification of numerous taxa (Bryson et al. 2011, 2012;
Leaché et al. 2013; Diaz-Cardenas et al. 2019), to which
we include the most recently diverged lineages within the
S. torquatus complex, S. t. binocularis and S. t. mikepres-
toni. Geographically, the nearest localities for S. ¢ bin-
ocularis and S. t. mikeprestoni are separated by ~30km
airline and ~1600m in elevation.

The modeled HSA (Fig. 7) indicates that climatic con-
ditions have been favorable for the S. forquatus complex
repeatedly in east-central Mexico, as far east as Vera-
cruz, very close to the Gulf of Mexico slope. We did not

find populations of S. torquatus beyond eastern Tlaxcala
during field work, and the historical records from Vera-
cruz that we examined were redetermined as S. mucro-
natus and S. formosus. According to the HSA, future
sampling in western Mexico, along the Sierra Madre
Occidental could reveal the discovery of new species of
Sceloporus related to the S. torquatus complex, as was the
case of Sceloporus spp. from Nayarit, Jalisco and Zacate-
cas.

Although the niche similarity test that we performed is
not conclusive (Table 5), we note the fact that four main
biogeographic provinces constitute the current geograph-
ic distribution of the S. torquatus complex, implying a
great heterogeneity of suitable habitats and topography.
The distribution of some lineages within the S. torquatus
complex are isolated in mountainous areas where the cli-
matic change has been accelerated (Sinervo et al. 2010),
thus future studies could be directed to reassess the ex-
tinction risk of these lineages.

It has been suggested that morphological conver-
gence may be related to environmental similarity in other
species of the forquatus group (Martinez-Méndez et al.
2012). In the case of the S. forquatus complex, we ob-
served morphological conservatism (Figs 8-9) despite
their wide geographic distributions (Fig. 1) and heteroge-
neity of environments inhabited (Table 5). This is clearly
observed in S. t. forquatus which is distributed in central
Mexico, where it inhabits mainly pine forests, oak forests
and scrub, at 1300-3533m, and S. 7. melanogaster which
is distributed throughout central and much of northern
Mexico, living mainly in different types of scrub, pine
forests, oak forests and grasslands, at 1100-2745m. Both
are found frequently on stone walls or fences, in agricul-
tural land, and urban areas. The lack of considerable dif-
ferences in morphometry and scutellation among the pop-
ulations of the compared lineages may be a consequence
of the relatively recent diversification of the S. torquatus
complex. In live and preserved specimens, coloration
characteristics are generally useful for distinguishing be-
tween members of the S. torquatus complex, except for
specimens from the wide contact zone between S. ¢. for-
quatus and S. t. melanogaster along the Faja Volcanica
Transmexicana.

As we expected due to its inherent properties, the
mtDNA showed higher genetic differentiation than the
nDNA and largely drove the phylogeographic patterns
discussed above. While we acknowledge the limitations
of using solely or mainly mtDNA for species delimitation
(Leaché and Mulcahy 2007; Leaché 2010), this practice
is commonly used to discern recently diverged lineages
such as those comprising species complexes, even within
Sceloporus (Wiens and Penkrot 2002; Martinez-Méndez
et al. 2012; Diaz-Cardenas et al. 2017), that would oth-
erwise be difficult to resolve with nDNA alone. The in-
clusion of genome-wide nuclear markers, such as those
generated from next-generation sequencing technology,
would add further phylogenetic and taxonomic resolution
to this group.
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Conclusions

With all available evidence examined herein, we con-
clude that S. torquatus represents a multi-faceted taxo-
nomic problem. We identified several different taxa in the
syntype series of S. forquatus, and discovered a greater
diversity than currently recognized within the complex
that is masked by recently diverged cryptic species.

For nomenclature to reflect the phylogenetic relation-
ships in the S. torquatus complex, we recommend the
following taxonomic changes: the reassignment of S. 7.
melanogaster (= S. melanogaster) and S. t. binocularis
(= S. binocularis) to species level, and the use of the new
combinations S. mikeprestoni comb. nov. and S. madren-
sis comb. nov. These changes allow S. forquatus to be
monotypic.

Those populations from southern San Luis Potosi,
northeastern Querétaro and northern Hidalgo represent a
distinct species that has previously been confused with
both S. ¢. torquatus and S. t. madrensis. Similarly, popu-
lations from eastern Zacatecas, previously considered as
S. t. melanogaster, represent another unnamed species.
Formal descriptions for both will be published separately,
including expanded sampling in northern, western, and
central Mexico to investigate phylogeographic structure
and gene flow between neighboring species (Flores-
Villela et al. in prep.).
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Authors: Campillo-Garcia G, Flores-Villela O, Butler BO, Velasco Vinasco JA, Ramirez Corona F (2021)

Data type: .xIsx

Explanation note: Morphometric statistics.

Copyright notice: This dataset is made available under the Open Database License (http://opendatacommons.org/li-
censes/odbl/1.0). The Open Database License (ODbL) is a license agreement intended to allow users to freely share,
modify, and use this Dataset while maintaining this same freedom for others, provided that the original source and
author(s) are credited.

Link: https://doi.org/10.3897/vz.71.€71995.suppl6
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